allergy or hypersensitivity. Intradermal tests with readings taken at 24 to 48 hours and patch tests can be used for delayed reactions occurring more than 1 hour after drug administration; these reactions are mediated mainly by T cells.
INTRODUCTION
Adverse drug reactions are common, occurring in 7% of the general population and 10-20% of hospitalized patients.
1,2 Approximately 80% of adverse drug reactions are caused by the pharmacological properties of the causative drug (type A reactions) and thus are predictable. However, 10-15% are unpredictable and occur in vulnerable subjects (type B reactions). Additionally, there are type C reactions, which are associated with long-term therapy and type D reactions, which produce teratogenic and carcinogenic effects.
3 Approximately 5-10% of type B adverse drug reactions (hypersensitivity reactions) are non-allergic and are induced by non-immunological mechanisms; other type B reactions are drug allergies that develop through immunological mechanisms induced by not only IgE-but also T cell-, or rarely immune complex-mediated reactions.
Skin tests for IgE-mediated immediate allergic reactions (type I hypersensitivity reactions) are frequently used to predict drug 2 Furthermore, although some antibiotics such as cephalosporin, ciprofloxacin, trimethoprim and penicillin are able to elicit a positive type I hypersensitivity skin reaction, most low-molecular-weight drugs act as haptens only after their conversion to reactive metabolites in the body; thus, skin testing with an unaltered drug may not identify a drug allergy.
Beta-Lactam Antibiotic Sensitization and Its Relationship to Allergic Diseases in Tertiary Hospital Nurses
5 Despite these limitations of skin tests, we believe, based on our recent case of cefotiam-contact anaphylaxis, 6 that skin tests for type I hypersensitivity to antibiotics should be performed in populations with the potential to develop drug allergies. A search of the literature revealed that since the development of the second-generation cephalosporin cefotiam in 1981, there have been several cases of nurses with contact urticaria syndrome (CUS) due to cefotiam in Japan 7, 8 and Korea. [9] [10] [11] [12] [13] [14] Moreover, the disease was progressive, beginning as dermatitis localized at the contact area, progressing to generalized urticaria involving other organs and finally producing anaphylaxis. Our case showed not only a strong positive reaction to cefotiam on a skin test but also symptoms of CUS and a positive skin reaction to cefoperazone/sulbactam. 6 As nurses are frequently exposed to antibiotics, drug sensitization and related allergy development should be monitored in this population. The early detection of drug allergies may prevent their progression. In this study, we asked all staff nurses at a tertiary hospital to respond to a questionnaire regarding antibiotic exposure and respondents received a physical examination of the hands and type I hypersensitivity skin tests with several common antibiotics.
MATERIALS AND METHODS

Subjects
For this study, a questionnaire regarding antibiotic exposure and signs of drug allergy was sent to all 539 nurses working at our university hospital in 2008. Of the 457 nurses (84.8%) who responded, 427 (79.2%) received a physical examination of the hands and 318 (59.0%) received skin tests. Subjects who did not provide consent were excluded from the study. Skin tests were not conducted in subjects who were or were thought to be pregnant or in those who had taken antihistamines within 1 week of the tests and could not discontinue antihistamine use for longer than 1 week. The study protocol was approved by our institutional review board (IRB No. I-2008-04-040) .
Methods
After receiving the responses to the questionnaire and collecting demographic and occupational information, including the duration of antibiotic exposure, consenting respondents received a physical examination of the hands to detect any skin lesions and skin prick tests with common antibiotics. Available atopic allergy data were collected from hospital medical records. All data were collected by trained residents in the Departments of Internal Medicine and Dermatology or by trained nurses.
The questionnaire was constructed with reference to previous reports. 15, 16 It contained items regarding the history of exposure to antibiotics, including the duration of employment and experiences with injectable antibiotics and items for assessing the presence of allergic diatheses or diseases. Questions included the following: (1) Do you have common cold symptoms such as rhinorrhea and sneezing frequently or persistently? (2) Have you ever had dyspnea or wheezing? (3) Have you ever been awakened due to a severe night cough? (4) Have you ever had urticaria or dyspnea after eating? (5) Do you suffer from urticaria frequently? (6) Have you ever experienced a drug allergy? (7) How long have you had the aforementioned allergic symptoms? (8) Is there any family history of the aforementioned allergic symptoms or diseases? Maculopapular or morbilliform rashes, which are the most frequent manifestations of drug allergy, 3 and contact dermatitis due to metal, as in a necklace, are usually regarded as type IV hypersensitivity reactions; however, these types of reactions were not queried separately in this study. Many subjects with these reactions reported urticaria as an alternative and some subjects recorded metal contact allergy or atopic dermatitis on the questionnaire form. Therefore, we classified urticaria, rash, contact dermatitis and atopic dermatitis as skin allergies. Subjects responding positively to any of the first six questions above were considered to have an allergic condition. We employed the CUS staging system proposed by Von Krogh and Maibach 17 : stage 1, local urticaria on the contact area; stage 2, generalized urticaria; stage 3, extracutaneous involvement (rhinoconjunctivitis, asthma, orolaryngeal or gastrointestinal); and stage 4, anaphylactic shock. For stage 1, a clinical diagnosis of contact urticaria was made by asking, "Does itching or urticaria develop a few minutes after contact with antibiotics?" A clinical diagnosis of allergic contact dermatitis was made when a physical examination found eczema on one or both hands. Eczema is difficult to associate with antibiotics, because it usually develops 12-48 hours after antibiotic contact. 18 For this reason, eczema, which was probably related to rubber gloves, was also regarded as antibiotic-related eczema. For stage 2, skin rashes were observed at sites distant from the contact site. For stage 3, a history of allergic rhinitis, conjunctivitis, bronchial asthma or oropharyngeal/gastrointestinal symptoms after hand contact with antibiotics was determined. For stage 4, a history of dizziness, loss of consciousness or decrease in blood pressure after hand contact with antibiotics was assessed. In addition, the symptom duration was recorded according to stage.
The Pharmaceutical Department of our hospital provided ceftizoxime, flomoxef, piperacillin, which are frequently prescribed antibiotics in our hospital, as well as cefotiam, cefoperazone and penicillin G, a representative antibiotic that often induces drug allergy. For the skin prick tests, penicillin G was used at 10,000 U/mL and cefoperazone, ceftizoxime, flomoxef and piperacillin were each used at a concentration of 33 mg/mL. Cefotiam was used at a lower concentration (10 mg/mL) to avoid severe adverse reactions, given that a nurse with cefotiam-contact anaphylaxis had previously shown a strong positive skin reaction and generalized allergic symptoms following a skin prick test using as little as 1 mg/mL cefotiam. 6 In addition to the six drugs, two house dust mites, Dermatophagoides farinae and D. pteronyssinus, which are the most common atopic allergens; 0.9% normal saline; and 1 mg/mL histamine were used as controls for the skin prick tests. For the skin prick test, the forearm skin was pricked with a sterile needle through a drop of the antibiotic and 15 minutes later, the longest wheal diameter and the diameter perpendicular to it were measured using vernier calipers and then averaged. Test results in subjects with dermographism were not used in the analysis. A positive reaction was defined as a mean wheal size was ≥3 mm and larger than the size of the negative control, according to the European Society of Contact Dermatitis guidelines. 19 For house dust mites, the ratio of the allergen wheal size relative to that of the histamine control (A/H ratio) was graded on a 4-point scale: 1+, 25-49%; 2+, 50-99%; 3+, 100-199%; and 4+, ≥200%. The house dust mite results were considered as clinically significant positive when the A/H ratio was ≥3+.
20 When a medical chart was available, we collected data regarding the number of peripheral white blood cells, fraction of eosinophils, number of eosinophils (number of white blood cells×fraction of eosinophils) and serum total IgE measured by nephelometry (Behring Diagnostics, Marburg, Germany).
Statistical analysis
All statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean±SD. The prevalence of atopic allergy and the frequency of antibiotic sensitization were analyzed using descriptive statistics. Differences in the results according to the test response to antibiotics or the history of skin allergies were examined using Student's t-test, the c 2 test or Fisher's exact test. Risk factors for a positive skin test to an antibiotic, CUS and drug allergy were analyzed with a logistic regression model. A P value <0.05 was considered statistically significant.
RESULTS
Clinical characteristics of skin-tested and non-tested subjects Table 1 shows the differences in clinical characteristics between subjects who received skin prick tests (number=318) and those who did not (number=139). There was no significant difference in age or employment duration between the groups. However, there were significantly more antibiotic handlers in the group that took skin tests than in the group that did not (P< 0.001). The duration of contact with intravenous antibiotics did not differ significantly between the antibiotic handlers in each group. Approximately 50% of the subjects in each group had allergic disease related to type I hypersensitivity and the prevalence of each disease was not significantly different between the groups. There was a trend toward a higher prevalence of drug allergy, especially antibiotic allergy, in the group that took the skin tests, but the difference was not statistically significant.
Stage 1 CUS was observed in 38 (8.9%) of the 427 subjects who underwent a physical examination, with localized urticaria observed in 11 subjects (2.6%) and eczema observed in 38 (8.9%). Sixteen (44.4%) of the 38 stage 1 subjects exhibited stage 1 CUS on both hands. Stage 2 CUS was present in three subjects (0.7%) and stages 3 and 4 were not observed. Stages 1 and 2 urticaria developed only in the group who took the skin tests, but the difference was not statistically significant (Table 1 ). The groups with and without skin tests did not differ with respect to the number of subjects with eosinophils ≥450/mm 3 or with IgE ≥100 IU/ mL (with: 1/17, 5.9%; without: 1/6, 16.7%).
Prevalence of sensitization to antibiotics and CUS
Among the 318 subjects who took skin tests, 4 subjects who were negative for histamine sensitivity and 3 dermographic subjects who were positive for normal saline were excluded from the skin test analysis. Eight (2.6%) of the remaining 311 subjects showed a positive response to at least one of the six test antibiotics. Stage 1 (%) 25 (7.9) 13 (11.9) Urticaria (%) 11 (3.5) 0 (0) Dermatitis (%) 25 (7.9) 13 (11.9) Stage 2 (%) 3 (0.9) 0 (0) Blood eosinophils >450/mm 3 (%) 9 (3.0) 1 (2.4) *P<0.001.
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Among these eight, 3 were positive for cefotiam; 2, for cefoperazone; 4, for ceftizoxime; 5, for flomoxef; 4, for piperacillin; 5, for penicillin G; and 2, for all antibiotics (Table 2) . Antibiotic-induced CUS was observed in three subjects, all whom showed both localized urticaria and eczema. Two of these subjects were sensitized to cefotiam and showed stage 2 CUS; one was sensitized to flomoxef and showed only stage 1 CUS. One subject who reported no use of antibiotics had a history of penicillin-and cephalosporin-induced urticaria and abdominal pain; she showed positive reactions to penicillin G and flomoxef. One subject who had a positive reaction to antibiotics did not have any allergic symptoms. Only two of the eight subjects with positive reactions to antibiotics had a positive history of drug allergy and the occurrence of CUS was not related to drug allergy history.
Clinical characteristics according to skin test results
The eight subjects with positive responses to a skin prick test did not differ from those without a positive response (number= 303) with respect to age, employment duration, positive history or duration of exposure to antibiotics (Table 3) =49.65; P=0.002) occurred more frequently in the group with a positive test than in the group without a positive test. The time interval between stages 1 to 2 CUS was not obtained in the positive test group, but the interval was 14.3± 14.0 months in the other group. There was no significant difference in the frequency of increased eosinophils in peripheral blood or sensitization to house dust mites between the two groups.
Clinical characteristics according to skin allergy history
Given the significant difference in the prevalence of skin allergy history between the groups with and without a positive skin test, the clinical characteristics of the subjects were compared according to skin allergy history. There were no significant differences in age or employment duration between the subjects with a positive history of skin allergy (number=98) and those without (number=359); however, the duration of contact with antibiotics and duration of allergic diseases were significantly longer in the group with a positive skin allergy history (Fig. 1) . The number of eosinophils in peripheral blood tended to be higher in the group with a positive skin allergy history than in the group without a positive history, but the proportion of subjects with an eosinophil count ≥450/mm 3 was not significantly different between the groups (5. (Fig. 2) , but the differences between the groups with and without a positive history were not statistically significant.
Clinical characteristics according to drug allergy history
The subjects with a drug allergy history (number=28) were significantly older and had a longer employment duration, longer duration of contact with antibiotics and higher prevalences of allergic rhinitis, night cough, food allergy and skin allergy compared with the subjects without a drug allergy history (number= 429) (Table 4) . Moreover, the grade of the skin test reactivity to D. farinae was significantly higher in the subjects with a drug allergy than in the other group.
Risk factors for positive drug skin tests, CUS and drug allergies
According to the univariate analysis, the significant risk factors for a positive response to the drug skin tests were a positive history of skin allergy, stage 1 CUS (localized urticaria) and stage 2 CUS (generalized urticaria). The risk factors in the multivariate analysis were a positive history of drug allergy and localized stage 1 CUS (Table 5 ). According to the univariate analysis, the risk factors for stage 1 CUS were a positive history of any allergic disease, night cough, skin allergy and a positive response to the drug skin tests. Multivariate analysis showed the risk factors to be a positive history of any allergic disease and a positive response to the drug skin tests. For localized contact urticaria, the risk factors were a positive history of any allergic disease and positive response to the drug skin tests based on univariate analysis and a positive history of asthma and positive response to the drug skin tests based on multivariate analysis. According to the univariate analysis, allergic rhinitis, night cough, food allergy and skin allergy were risk factors for drug allergy. Age, allergic rhinitis, night cough and food allergy were the risk factors for drug allergy according to the multivariate analysis.
DISCUSSION
The positive response rate to the 6 antibiotics was 6.9% in nurses with a positive history of skin allergy, 1.3% in those without and 2.6% in all subjects. The prevalence of self-reported al- 
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Skin allergy history (-) Skin allergy history (+) Fig. 2 . The proportion of subjects who had a positive history of drug allergy, the contact urticaria syndrome and a positive skin prick test response to b-lactam antibiotics in nurses with and without a positive history of skin allergy in a tertiary hospital. http://e-aair.org lergy to penicillin or other b-lactam antibiotics according to Gomes et al. 21 was 6.0% in the general adult female population and the positive response rate to antibiotics in patients with a history of previous penicillin allergy was reported to be 14% by Solley et al. 22 and 8.7% by Raja et al. 23 Compared with these reported rates, 21-23 the positive response rates in our study with nurses were relatively high.
The skin test response rate for a drug may be lower than the prevalence of an allergy history for that drug, because the positive response to a skin test will decrease as the antibody level decreases over time. Only 22% of patients with a penicillin allergy showed a positive skin test response to penicillin 10 years after exposure. 24 The continual antibiotic exposure of the nurses in the present study may explain their higher positive response rate to antibiotic skin tests, compared with the rate of approximately 1% in the general adult population. Our results are supported by those of You et al., 25 who found that positive response rates to patch tests were 10% for cefotaxime, 10% for neomycin and as high as 50% for vancomycin in 40 intensive care unit nurses who were suspected of high exposure to antibiotics. Even excluding vancomycin, because it is well known to non-immunologically release histamine and thus induce "redman syndrome, "
26 the positive response rates reported by You et al. 25 were relatively high. Of course, the study methods used by You et al. 25 differed from those in the present and previous studies.
22,23 You et al. 25 performed patch tests for T cell-mediated delayed adverse reactions and evaluated maculopapular and morbilliform skin rashes, a delayed reaction and common manifestation of drug allergy.
3 In contrast, we and earlier investigators 22,23 conducted prick or scratch skin tests for IgE-mediated immediate reactions such as urticaria. Barbaud et al. 27 showed that in patients with cutaneous adverse reactions, the positive response rates to the drugs tested were 43% by the patch test and 24% by the skin prick test, suggesting a lower sensitivity for the skin prick test compared with the patch test. Furthermore, the prevalence of adverse reactions may differ between past and present cephalosporins; for example, the reaction rate to cephalosporin decreased from 10-20% to 2% when the second-generation drug was used instead of the firstgeneration drug, which showed cross-reactivity to penicillin.
28
Considering these points, the sensitization rate to drugs may be higher in nurses than in the general population, owing to a more intense exposure of nurses to drugs.
In the present study, evidence for stage 1 CUS in response to an antibiotic was observed in 14.4% of the subjects with a positive skin allergy history, in 7.4% of those without and in 8.9% of all subjects; evidence for contact urticaria, in 4.4%, 2.1% and 2.6%, respectively; and evidence for stage 2 CUS, in 2.2%, 0.3% and 0.7%, respectively. It was difficult to discriminate between antibiotic-induced CUS and contact dermatitis caused by other factors. Allergic contact dermatitis develops 12-48 hours after dermal contact with allergens. 18 In contrast, contact urticaria induced by antibiotics usually manifests within a few minutes and thus was apparent. All subjects with eczema on their hands were considered to have stage 1 CUS and given that some of these cases were probably contact dermatitis due to the other causes, the prevalence of stage 1 CUS would have been inflated. However, considering the cases of antibiotic-induced contact dermatitis beside contact urticaria, the prevalence of stage 1 would be higher than that of contact urticaria. Subjects with a positive skin test response to antibiotics showed a higher prevalence of stages 1 and 2 CUS, with 5.6 times the risk for stage 1 and 24.9 times the risk for contact urticaria compared with subjects without a positive skin test. This suggests that sensitization to antibiotics is strongly related to CUS. Kim et al. 29 reported a case with cold urticaria that progressed to exercise-induced anaphylaxis. CUS is a good example of similar events. 17 This study was conducted as a fact-finding survey to prevent the progression of antibiotic-induced CUS. We identified two subjects with stage 2 CUS who had a positive skin test reaction to cefotiam, a second-generation cephalosporin. In Korea, since the first case report of cefotiam-induced CUS by Shin et al. 9 in 1998, 10 cases of cefotiam-induced CUS have been reported. 6, [9] [10] [11] [12] [13] [14] 30 Cefotiam-induced CUS occurs mainly in nurses. Cefotiam is stored under vacuum; when the vacuum is released by a nurse, cefotiam becomes dispersed and is easily absorbed through damaged skin on the hands, where its irritative properties cause eczema.
12 Owing to this peculiar property, cefotiam appears to not only induce progression to CUS but also facilitate secondary CUS induced by cefoprazone/sulbactam 6 or imipenem. 30 This phenomenon was observed in the present study: of the two cases of CUS sensitized to cefotiam, one was also sensitized to ceftizoxime and piperacillin and the other showed positive reactions to all antibiotics tested. However, the one case of CUS sensitized to flomoxef was not sensitized to the other antibiotics and did not progress to stage 2.
Compared with those without a positive skin allergy history, the subjects with a positive skin allergy history had longer durations of contact with antibiotics and of allergic diseases and higher prevalences of drug allergy, CUS and positive skin reactions to antibiotics. This may be attributable to the fact that skin allergy frequently develops in association with exposure and sensitization to antibiotics, which corresponds well with the results of a previous study by Gomes et al., 21 in which symptoms induced by b-lactam antibiotics occurred most frequently on the skin (63.5%), followed by the cardiovascular system (30.2%), bronchus (13.5%), eye/nose (11.5%) and gastrointestinal tract Gomes et al. 21 included skin rashes as well as urticaria and angioedema, and maculopapular or morbilliform rashes are the most common drug allergy.
3 However, as we only asked about the occurrence of urticaria on the skin, many subjects probably reported maculopapular or morbilliform rashes caused by a T cell-mediated type IV hypersensitivity reaction as urticaria. Those with maculopapular rashes showed higher positive responses with the patch test, 25 whereas urticaria is usually diagnosed by the skin prick test. If we had performed both the skin prick and patch tests, we might have obtained higher response rates and different results according to skin disease type. However, it was practical challenge to perform both tests on all subjects.
The subjects with a positive drug allergy history were older with longer durations of employment and contact with antibiotics and age was a significant risk factor for drug allergy, suggesting that long-term exposure to antibiotics may result in drug allergy. A positive drug allergy history was significantly correlated with allergic rhinitis, night cough, food allergy and skin allergy as well as sensitization to house dust mites. This indicates that a drug allergy may frequently occur in the skin and other organs in subjects with IgE-mediated allergic diseases such as allergic rhinitis, especially with sensitization to house dust mites. In contrast, when compared according to skin allergy, which included both IgE-mediated urticaria and T cell-me-http://e-aair.org diated maculopapular rashes, the difference in the prevalence of IgE-mediated allergic diseases such as allergic rhinitis and positive skin reactions to house dust mites was not be significant, but the difference in the prevalence of CUS, which involves both mechanisms, was significant. A well-known study by Adkinson 31 in 1984 reported that the rate of positive responses to the penicillin skin test was not high in atopic subjects. The present study found that atopy was significantly related to drug allergy. Recently, Apter et al. 32 have also demonstrated that atopy, as well as interleukin-4 polymorphism, significantly correlates with drug allergy in patients with a self-reported penicillin allergy. A penicillin allergy can be induced by various types of allergic reactions in addition to an IgE-mediated reaction and therefore the statistical significance of the relationship between atopy and drug allergy in a given study may depend on the proportion of study subjects with an IgE-mediated allergic reaction. Once T cell-mediated eczema, a symptom of stage 1 CUS, has developed, IgE-mediated stages 2-4 CUS frequently occur after the subsequent absorption of allergens through damaged skin; furthermore, patients with skin contact allergy to multiple agents are easily sensitized to another agent and may more frequently present respiratory tract symptoms of an allergy.
33 Different types of allergic mechanisms appear to augment each other.
This study had some limitations. First, we tested only six of the currently used antibiotics. Second, because only the skin prick test was performed, our results may underestimate the actual sensitization rates to antibiotics. To obtain more accurate results, it would be necessary to perform a patch test to detect T cell-mediated allergies and an intradermal test to improve the detection sensitivity for IgE-mediated allergies, 27 as well as to observe late reactions 1 day after the intradermal test.
19 Generally, for an intradermal test, cephalosporin is used at a 1:10 dilution, which does not induce an irritative reaction, 34 whereas cephalosporin is often used without dilution for the skin prick test. 19 In the present study, a 1:3 dilution was selected for most of the antibiotics used in the skin prick tests. Although this dilution helped to minimize the false-positive rate due to irritation, it created a third limitation, as the false-negative rate due to insufficient antibiotic concentrations might have been higher at this dilution. Fourth, because the excluded subjects had a higher probability for drug allergies, the skin test response rates in the nurse population may be underestimations. Additionally, the group of nurses who did not undergo skin tests had less frequent contact with injectable antibiotics; consequently, the overall sensitization rate based on the group of nurses who did undergo skin tests may be an overestimation. Lastly, female subjects have been shown to have a higher frequency of adverse drug reactions and a higher response rate to the penicillin skin test, compared with male subjects; 35 thus, because almost all of our subjects were female, gender should be considered when interpreting our study results.
The results of this study suggest that because adverse reactions to antibiotics occur mainly as skin allergies through type I and IV hypersensitivity reactions, positive responses to antibiotic skin tests, CUS and drug allergies were more frequently observed in subjects with skin allergies than in those without. Based on our results that allergic rhinitis and food allergy were important risk factors for drug allergies, as was also shown in a recent study, 32 even though drug allergy has been known not to be prevalent in atopic subjects, atopy may play a crucial role in the development of drug allergy.
